Chinese hamster V79 cells were synchronized by mitotic selection, which resulted in approximately 95% synchrony. The adenosine 3': 5'-cyclic monophosphate level was elevated within 3 hr (GI phase) and reached a level 2-fold higher than in early G1 within 6 hr (early S
Polyamine biosynthesis is greatly increased in mammalian tissues during embryogenesis (1, 2), after stimulation with hormones (3) (4) (5) (6) (7) (8) (9) (10) , following partial hepatectomy (11, 12) , and during drug-induced hypertrophy (13) . Parallel increases in the spermidine concentration and RNA content can be demonstrated in certain mammalian tissues (14) .
There is no complete study of polyamine biosynthesis throughout the various phases of the mammalian cell cycle. In synchronously growing Don C cells, the activity of ornithine decarboxylase (L-ornithine carboxy-lyase, EC 4.1.1.-17), the first enzyme in the biosynthetic pathway of the polyamines, displays three peaks of activity during the cell cycle: one during mitosis, one during late G1-early S phase, and the third at late S phase (15) . Only the activity at late G1-early S phase is abolished by inhibitors of RNA and of protein synthesis. Since the actual accumulation of polyamines was not studied, it is difficult to tell whether these changes in enzyme activity actually reflect changes in polyamine synthesis. In addition, polyamine concentrations have been assessed in AKR lymphoma cells from the mouse thymus that represent various phases of the cell cycle (16) . Putrescine increased in late G1-early S, and spermidine and spermine concentrations in late S. These findings are consistent with an increase in ornithine decarboxylase (putrescine synthesis) only in late GI-early S. Furthermore, studies of polyamine accumulations in WI-38 human diploid fibroblasts, stimulated to divide, also suggest initiation of polyamine biosynthesis in late G1-early S phase (17, 18) .
Recent studies have shown that dibutyryl-adenosine 3': 5'-cyclic monophosphate can induce ornithine decarboxylase activity in the adrenal medulla and in numerous rat tissues (19) (20) (21) (22) (23) . Further, it has been shown that cold exposure which leads to cholinergic stimulation of the adrenal medulla of the rat results in a marked increase in adenosine 3': 5'-cyclic monophosphate (cAMP) levels, followed by a rapid increase in ornithine decarboxylase activity (24, 25) . Methylxanthine derivatives, which increase cAMP levels by inhibiting phosphodiesterase activity, also result in marked increases in ornithine decarboxylase activity in rat tissues; i.e., liver, kidney, adrenal medulla, and cortex (26) . Inhibitors of RNA and of protein synthesis abolish the increase in ornithine decarboxylase, suggesting de novo synthesis is involved (25) . Because both cAMIP and polyamines are associated with the regulation of normal cellular growth, and because of the close temporal relationships between increases in cAMP and ornithine decarboxylase, the initial enzyme in the polyamine biosynthetic pathway, we have studied in detail ornithine decarboxylase activity, putrescine-stimulated S-adenosylmethionine decarboxylase (S-adenosyl-L-methionine decarboxylase, EC 4.1.1.50) activity, and the fluctuations in the endogenous concentrations of putrescine, spermidine, and spermine, as well as cAMP levels, at various times after mitotic selection of Chinese hamster V79 cells.
MATERIALS AND METHODS
[1-14C Ornithine (11.9 mCi/mmol) and S-adenosyl-L-[carboxy-'4C]methionine (7.7 To estimate the duration of G1, S, G2, and the generation time for each experiment, and to determine the degree of synchrony during cell cycle traverse, we labeled cells in the 60 mm plate series with [3H]thymidine (2 pCi/ml) for 10 min intervals after synchronization. They were washed, fixed with methanol: acetic acid (3: 1) and prepared for autoradiography. The percent of labeled cells and the preparation of cells in mitosis were determined at each time interval from the same plate. A representative plot is shown in Fig. 1 . The initial level of synchrony was always determined from the original mitotic cell suspension and yielded between 95 and 98% cells in metaphase. Dissynchrony makes it difficult to evaluate changes occurring after 11 hr (Fig. 1) .
Preparation of Cell Extracts. For enzymatic assays, the cells were sonicated with an E/MC Corp. ultrasonic cell disruptor equipped with a 4.5 inch probe in 100-200 4I of 0.05 M sodiumpotassium phosphate buffer, pH 7.2, containing 1.0 mM dithiothreitol. Activity was optimal in sonicated homogenates, less in whole cells, and was not stable to freezing. There were no differences in the activities of these enzymes in crude homogenates as compared to supernatant solutions (100,000 X g). Therefore, sonicated homogenates routinely served as the source of the enzymes.
Assay of Ornithine Decarboxylase Activity. Enzyme activity was determined by measuring the release of "4CO2 from DL-[1_-4C]ornithine, as previously described with minor modifications (4, 11) . Incubations were carried out in 13 ml centrifuge tubes equipped with rubber stoppers supporting a polypropylene center well (Kontes Glass Co.) that contained 0.2 ml of ethanolamine:2-methoxyethanol (2:1 v/v). Reaction mixtures consisted of 50-100 Ml of cell extract, 20 ,uM pyridoxal phosphate, 0.1 mM r[1_-4C]ornithine, and 80-130 MAl of 0.05 M sodium-potassium phosphate buffer, pH 7.2, containing 1 mM dithiothreitol, to make a total volume of 0.2 ml. After 60 min incubation at 370, 0.25 ml of 1 M citric acid was injected into the reaction mixture through the rubber cap to stop the reaction and release CO2 from the reaction mixture. The mixture was agitated for an additional 15 min at 370 to insure complete absorption of the "4CO2. The center well was removed and placed in a vial containing 2 ml of ethanol and 10 ml of an omnifluor-toluene scintillation medium. Radioactivity was assayed with a Beckman LS-150 liquid scintillation counter. All values were corrected against a boiled enzyme assay. Enzyme activity was linear for at least 1 hr and was proportional to the amount of cell extract added to the assay.
Assay for Putrescine-Stimulated S-Adenosyl-L-methionine Decarboxylase Activity. Enzyme activity was determined by measuring the release of 14CO2 from S-adenosyl-L-[carboxy-14C]methionine as previously described with minor modifications (28 (31) .
RESULTS AND DISCUSSION
The activities of ornithine decarboxylase and S-adenosylmethionine decarboxylase increase in succession during the cell cycle (Fig. 2) reaches a level by 8 hr that is 2-fold greater than that detected in early G1.
Evidence from other systems would indicate that these increases are probably due to de novo synthesis of the enzymes (32, 33) . However, in certain cases, changes in the half-lives of the enzymes have been found, e.g., in hepatoma cell cultures and in stimulated lymphocytes after the administration of inhibitor substances (34, 35) .
The accumulation of polyamines during the cell cycle is described in Table 1 . The concentration of putrescine doubles (Fig. 1) . The pattern for spermine accumulation is very similar to that for spermidine, with significant elevations apparent within 8 hr.
These data would suggest that ornithine decarboxylase activity increases in G1-early S followed by enhancement of S-adenosylmethionine decarboxylase activity in early S phase. Stambrook and Sisken (43), who also measured the specific activities of the precursor pools, observed the main increases in RNA synthesis to occur during G1 and early S phase. This coincides with the increased ornithine decarboxylase activity and the accumulation of putrescine in these cells.
The concentration of cyclic AMP was measured at various times during the cell cycle because of the implication of cAMP in the control of ornithine decarboxylase activity (Fig. 3) . The increase in cAMP, detectable within 3 hr (G1), slightly precedes that of ornithine decarboxylase and its decrease precedes the rapid decrease in ornithine decarboxylase activity (Figs. 2 and 3 ). Other studies suggest that cAMP mediates increases in ornithine decarboxylase. In the adrenal medulla of the rat exposed to cold, there is a rapid increase in the intracellular concentration of cAMIP, followed closely by an increase in ornithine decarboxylase activity (25) . Further, the administration of methylxanthine derivatives, substances which inhibit phosphodiesterases, results in increases in cAMP levels in several tissues of the rat (26) . In all cases, these increases are followed by rapid changes in ornithine decarboxylase activity (26) . Administration of inhibitors of protein synthesis and of DNA-dependent RNA synthesis indicates that the increase in ornithine decarboxylase was probably a result of de novo synthesis of the enzyme (25) . The temporal relationship between an elevation of cAMP and the subsequent increase in ornithine decarboxylase activity is so fundamental that the elevation of ornithine decarboxylase activity may be an example of cAMP-mediated protein synthesis. Other workers studying the increase in cAMP levels in synchronized HeLa cells found that cAMP levels increased during the transition from Ml to G1 and rose continually as the cells traversed G1 (44) . Maximal levels of cAMP were detectable at the G1-S border and entrance into S phase was associated with a sharp decline in cAMP levels. The study reported herein indicates that cAMP is elevated during G1 (Fig. 3) just prior to the increase in ornithine de- carboxylase activity which occurs in the late GI-early S phase (Fig. 2) .
In summary, during the cell cycle, there is an elevation in the cAMP level during G1 which is followed by a rapid increase in ornithine decarboxylase activity. The subsequent enzymes in the polyamine biosynthetic pathway appear to increase only during S phase, and these increases lead to an essential doubling of the spermidine and spermine concentrations. The lack of absolute doubling is due, most likely, to increasing loss' of synchronization. Further studies are in progress to ascertain the precise mechanism by which fluctuations in cAMP might influence ornithine decarboxylase. This work was supported by Grant CA-14783 from the National Cancer Institute.
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